ABSTRACT: During the period of oxygen depletion in bottom waters of Mikawa Bay of Japan in 1998 and 1999, the mortality and the glycogen content were examined for the Manila clam Ruditapes philippinarum kept in stainless-steel cages in the bottom sediment of shallow waters. In two experiments conducted over 5 weeks and 6 weeks, respectively, no large increase in the cumulative mortality rate was found in the early phase despite the development of oxygen-deficient waters. With further deterioration in oxygen condition, however, the cumulative mortality rate reached 99% and 57% in the first and second experiment, respectively. The mean values of glycogen content were initially 41.7 mg/g and 39.6 mg/g, and were reduced significantly to 21.4 and 15.7 mg/g, respectively, at the end of the experiments. Ruditapes philippinarum kept in normoxic waters as a control did not show a large increase in mortality rate, nor a significant decrease in glycogen content. Thus, glycogen content seems to be an indicator of physiological condition of R. philippinarum exposed to oxygendeficient waters.
INTRODUCTION
Development and prevalence of oxygen-deficient waters have been reported in most bays of Japan. 1 Oxygen-deficient bottom waters act as a significant stress to benthic organisms, including fishery resources, and can cause their migration or mortality. [2] [3] [4] [5] It has also been pointed out that the dissolved oxygen concentration in the bottom layer during the summer period is the most important factor of variation in macrobenthos distributions in various coastal waters in Japan. [2] [3] [4] [5] Offshore winds occasionally cause oxygen-deficient waters to upwell in coastal areas, which results in the appearance of greenish, or whitish, turbidity in the surface water. Local residents call this Ao-shio ('green tide') or Niga-shio ('bitter tide'). Upwelling of oxygen-deficient waters also damages fishery resources such as bivalves.
The Manila clam Ruditapes philippinarum one of the most commercially important bivalves in Japan, has often suffered mass mortality due to the development of oxygen-deficient waters. It is also considered to be one of the main reasons for the drastic decrease in catch yields of R. philippinarum in Japan. 6 The elucidation of the process leading to mass mortality of R. philippinarum is essential in order to restore satisfactory environments for their population and to increase catch yields. Several studies on the resistance of R. philippinarum to low dissolved oxygen concentrations have been conducted under laboratory conditions. [7] [8] [9] However, only a few studies have described mortality of R. philippinarum exposed to an oxygen deficiency under field conditions. Those studies recorded sharp decreases in biomass as oxygen concentrations were depleted. 4, 10 Additionally, monitoring physiological conditions of R. philippinarum is important both to predict an occurrence of mass mortality and to assess suitability of environmental conditions in the fishing ground. As an indicator of physiological conditions of bivalves, various indices have been used to represent a nutritional state. 11 In terms of nutritional reserves, carbohydrates play an important role both in energy production and gametogenesis in most bivalves. 12, 13 Because glycogen is the most prominent carbohydrate stored in marine bivalves, 14 the glycogen content well represents their nutritional conditions. Moreover, reduction or depletion in metabolic reserves such as glycogen is often associated with the mass mortality of adult bivalves. [14] [15] [16] [17] Therefore, information about changes in the glycogen content of R. philippinarum during the development of oxygen-deficient waters is necessary to better understand mass mortality events.
In the present study we examined the changes over time in the mortality rate of R. philippinarum contained in stainless-steel cages in the bottom sediment of shallow waters where oxygendeficient waters repeatedly developed. We also examined the changes in glycogen content of R. philippinarum at the same time to evaluate its validity as an indicator of clam condition in oxygen-deficient waters.
MATERIALS AND METHODS

Study site
The present study was conducted in semiclosed Mikawa Bay with a mean depth of 10 m located in the central part of Japan (Fig. 1) . In Mikawa Bay the dissolved oxygen becomes deficient in the bottom layer every summer due to an increase in nutrient load input, reclamation of tidal flats and reduction of freshwater inflow. 1 Experimental points were disposed on the north-eastern shoreline of the bay as shown in Fig. 1 . The first experiment was performed at station X from 10 June to 17 July 1998 (for approx. 5 weeks) and the second was carried out at stations Y and Z from 17 June to 30 July 1999 (for approx. 6 weeks). Stations X and Y, where a direct impact of oxygen-deficient waters was anticipated, were 4.5 m in depth at mean tide level. Station Z was 1.0 m in depth at mean tide level and was expected to be almost free from the effects of an oxygen deficiency throughout the experimental period.
Collection of Ruditapes philippinarum
Ruditapes philippinarum was collected from Takeshima and Miya beaches of the Mikawa Bay area ( Fig. 1 ) and kept for a few days in running seawater that had an almost identical temperature and food supply to the collection site. Only individuals that showed burrowing behavior were used in the experiments. Mean shell lengths ± SD were 35.3 ± 3.7 mm and 32.9 ± 3.5 mm in the first and the second experiment, respectively.
Experimental procedures
Five stainless steel cages (25 cm ¥ 35 cm ¥ 10 cm), each containing 60 clams, were half-embedded in the bottom sediment at station X in the first experiment and four cages, each containing 50 clams, were half-embedded at station Y in the second experiment. At approximately weekly intervals the cages were retrieved from the bottom sediment by scuba diving and embedded again after the following procedure. Dead individuals in the cages were counted to determine the mortality rate of R. philippinarum. Death was judged from the lack of the closing valve response to stimuli. Dead individuals were removed from the cages to minimize water pollution. The number of cages was reduced with increasing mortality rate as live individuals were re-divided among the cages to keep the densities nearly constant during the experiments. Approximately 20 and 15 live individuals were randomly sampled from cages to determine the glycogen content in the first and the second experiment, respectively. The removed soft body of each specimen was then weighed and stored at -20 ∞ C until analysis. In the second experiment, for comparison, cages containing R. philippinarum were also embedded at station Z. The same procedure as that at station Y was carried out. The glycogen content was determined by the anthrone, sulfuric acid method as described by Yoshikawa. 18 The whole tissue of each individual was used. The glycogen contents were expressed in mg/g wet tissue weight. The temporal changes in glycogen content at each station were statistically analyzed by ANOVA followed by a Tukey test. In addition, the two-sample t -test was used to compare the data between stations Y and Z. 19 
Environmental data
Above the bottom sediment of stations X and Y, environmental conditions including temperature, salinity and the dissolved oxygen were recorded at 10 min intervals with a conductivity, salinity, temperature, depth (CSTD) recorder (SBE-16/DO; SeaBird Electronics, Washington, USA). The CSTD recorder was moored at 0.5 m above the sediment surface using anchors and buoys. After finishing each experiment these data were logged in a computer and the hourly averages were calculated. Water temperature and salinity 0.1 m above the bottom sediment of the station Z were measured with a conductivity, salinity, temperature (CST) monitor (ACT-20D; Allec Electronics, Kobe, Japan) and the dissolved oxygen was measured with a dissolved oxygen (DO) meter (F-102; Iijima Electronics, Gamagori, Japan) at approximately daily intervals.
RESULTS
Environmental data
Hypoxia and anoxia in the marine environment are generally defined as an oxygen concentration < 2 mg/L and 0.2 mg/L, respectively. 20 This is approximately equivalent to < 30% and 1% O 2 saturation (at 20-25 ∞ C), respectively. During the first experiment the relatively long-term oxygen deficiency at station X occurred three times: 22-26 June; 9-12 July; and 14-17 July in 1998 (Fig. 2a) . Hourly mean dissolved oxygen concentration 0.5 m above the bottom sediment of station X was < 30% O 2 saturation for 75 h during the first period ( < 1% O 2 saturation for 0 h), for 68 h during the second period ( < 1% for 38 h) and for 68 h during the third period ( < 1% for 58 h).
During the second experiment the relatively long-term oxygen deficiency at station Y occurred four times: 19-25 June; 12-15 July; 17-22 July; and 27-30 July in 1999 (Fig. 2b) . Hourly mean dissolved oxygen concentration 0.5 m above the bottom sediment of station Y was < 30% O 2 saturation for 74 h during the first period ( < 1% for 30 h), for 59 h during the second period ( < 1% for 7 h), for 77 h during the third period ( < 1% for 1 h) and for 65 h during the fourth period ( < 1% for 30 h).
These events coincided approximately with an increase in salinity and a decrease in water temperature, but the periods of anoxia tended to be longer along with the rise in temperature.
In contrast, the lowest dissolved oxygen concentration observed at station Z was 34.9% on 15 July in 1999 (Fig. 2c) . Therefore, as expected, station Z seems to have been free from the effects of oxygendeficient waters throughout the experimental period. Very low salinity such as < 20 practical salinity units (p.s.u.), which was rarely recorded at station Y, was often observed at station Z, most likely because of freshwater discharge. The water temperature at station Z was almost always higher than that at station Y throughout the experiment.
Mortality rate of Ruditapes philippinarum
In the first experiment, during the first 2 weeks there was no large increase in the cumulative mortality rate of R. philippinarum at station X despite the development of oxygen-deficient waters. The mortality rate then increased gradually from 3.3% on 25 June to 22.3% on 8 July. As the oxygen condition deteriorated further, the mortality rate sharply rose to 84.4% on 14 July, which seems to be an instance of mass mortality, and eventually reached 98.8% on 17 July (Fig. 3a) .
In the second experiment there was no large increase in the mortality rate at station Y in the first week despite the development of oxygen-deficient waters. Thereafter, the mortality rate increased gradually from 2.0% on 23 June to 57.3% on 30 July with the repeated development of oxygendeficient waters. In contrast, during the initial 3 weeks there was almost no increase in the mortality rate at station Z where the development of oxygen-deficient waters was not observed throughout the experiment. Although the mortality rate increased slightly from 1.1% on 7 July to 13.3% on 30 July, it was consistently lower than that at station Y (Fig. 3b) .
Glycogen content
In the first experiment the glycogen content of R. philippinarum kept at station X changed significantly throughout the experimental period ( P < 0.01; ANOVA ). It significantly decreased from 41.7 ± 8.3 mg/g (mean ± SD) on 10 June to 33.2 ± 7.0 mg/g on 25 June ( P < 0.05; Tukey test; Fig. 4a ). It then decreased gradually to 27.8 ± 7.9 mg/g on 8 July but the change from 25 June to 8 July was not significant ( P > 0.05), regardless of the development of oxygen-deficient waters and the increase in mortality rate. When the oxygen condition deteriorated further and the mortality rate increased markedly, the glycogen content decreased to 21.4 ± 9.6 mg/g, which is significantly low to compare with that on 25 June ( P < 0.05). Because almost every specimen was dead, sampling to determine glycogen content was not performed on 17 July. In the second experiment the glycogen content in clams at station Y declined significantly throughout the experimental period ( P < 0.01; ANOVA ). It was initially 39.6 ± 10.0 mg/g on 17 June. There was no significant change in the glycogen content during the initial 3 weeks ( P > 0.05; Tukey test; Fig. 4b) , regardless of the development of oxygen-deficient waters and the increase in mortality rate. When the long-term oxygen deficiency occurred from 12 to 15 July the glycogen content decreased significantly from 37.0 ± 12.7 mg/g on 7 July 7 to 24.1 ± 8.7 mg/g on 15 July ( P < 0.01). Thereafter it decreased gradually with increasing frequency of oxygen deficiency and eventually reached 15.7 ± 8.1 mg/g on 30 July, although there was no significant difference between the content on 15 and 30 July ( P > 0.05). Additionally, the glycogen content at station Y was significantly lower on 21 and 30 July compared with that at station Z ( P < 0.01; two-sample t -test).
The change in the glycogen content at station Z throughout the experimental period was significant by ANOVA (0.01 < P < 0.05) but the subsequent multiple comparison test (Tukey test) failed to detect differences between any pair of means (P > 0.05; Fig. 4b ). The glycogen content at station Z decreased from 40.5 ± 10.5 mg/g on 1 July to 31.5 ± 7.5 mg/g on 7 July, and then slightly increased to 35.1 ± 6.8 mg/g on 21 July. It eventually reached 34.0 ± 12.8 mg/g on 30 July. 
DISCUSSION
Oxygen-deficient waters developed repeatedly at stations X and Y throughout the experimental periods (Fig. 2a,b) . Suzuki et al. have demonstrated that the short-term dissolved oxygen fluctuation in the bottom layer of Mikawa Bay during summer is governed by movements of oxygen-deficient waters related to tides and winds, and therefore varies with water density. 4 They also indicated that the long-term decrease in oxygen concentration reflects an increase in decomposition of organic matter at the bottom surface promoted by temperature increase. The fluctuations in environmental data observed at stations X and Y well agreed with their description. In contrast, such a relationship among environmental data was not evident at station Z (Fig. 2c) . This is likely to be due to the absence of an effect from an oxygen deficiency in the water.
In the present study we showed two instances of a change in mortality rate of R. philippinarum caused by the development of oxygen-deficient waters. In the second experiment the mortality rate at station Y was consistently higher than at station Z, which was established as a control (Fig. 3b) . In the present study it was inherently difficult to establish control groups in the strict sense because of the field conditions. Differences between stations Y and Z were found not only in dissolved oxygen concentrations but also in water temperature and salinity. However, it has been reported that unfavorable conditions for the survival of R. philippinarum are at temperatures >35∞C or below -2∞C, and at salinity <20 p.s.u., 9,21,22 which are not within the range of those recorded at station Y. It is therefore suggested that the development of oxygen-deficient waters was the biggest cause of increase in the mortality rate of R. philippinarum.
In the benthic community, different species react in different ways to low oxygen concentrations according to their tolerance. 4, 5, 20, 23, 24 Some bivalves have impressive anaerobic capacities and can survive prolonged anoxia exposure. 25, 26 In the case of R. philippinarum, the resistance to hypoxia under laboratory conditions was studied [7] [8] [9] and it has been demonstrated that this clam has tolerance to hypoxic conditions as good as that of other bivalves. Nakamura et al. reported that the cumulative mortality rate reached approximately 100% under extremely low oxygen concentration (<1% O 2 ) on the fourth day at a temperature of 25∞C. 9 Kakino carried out a series of laboratory experiments and suggested that the tolerance to hypoxia likely depends on water temperature and physiological condition. 7 Nevertheless, these studies, which were conducted under constant conditions, do not seem sufficient to explain the mortality occurring under field conditions such as those in the present study because the environmental conditions at stations X and Y had rapid and irregular fluctuations (Fig. 2a,b) . Ruditapes philippinarum is known to be relatively tolerant to wide ranges of temperature and salinity but not to sharp fluctuations therein. 17 It may therefore be possible that the fluctuations in temperature and salinity accompanied by development of oxygendeficient waters result in a loss of tolerance to hypoxic conditions.
The changes in the cumulative mortality rate at stations X and Y (Fig. 3) indicate that, as demonstrated in laboratory experiments, [7] [8] [9] R. philippinarum is also tolerant, to some extent, to an oxygen deficiency under field conditions, but has a lethal threshold for it. At station Y the final cumulative mortality rate was only 57% despite the longer experimental period (Fig. 3b) . The dissolved oxygen concentration at stations X and Y was <30% (<2 mg/L) for a total of 239 h and 314 h, respectively, but was <1% (<0.1 mg/L) for a total of 98 h and 68 h, respectively. That is, the total time of hypoxic conditions at station X was shorter than that at station Y, whereas for anoxic conditions it was longer. Further, prolonged anoxia (<1%) sustained for over 20 h was recorded in station X whereas such an event did not occur at station Y. At least part of the reason for the higher cumulative mortality rate at station X compared to station Y was likely due to the more severe anoxic conditions. Thus, although exposure to hypoxic water certainly causes an increase in the mortality rate of R. philippinarum, exposure to anoxic water may be essential for the occurrence of a mass mortality, a dramatic increase in the mortality rate in the short term.
The glycogen content of clams at stations X and Y significantly decreased during each experiment (Fig. 4) . Changes in the glycogen content of bivalves are influenced by the complex interactions between food availability, temperature, growth, and reproductive activities. 27 Because we did not assess all these factors it is unclear as to what is the dominating factor of the decreases. However, at least the oxygen levels at the stations seem to be one of the factors that influenced the observed decreases in glycogen content for the following reason. Glycogen is a major energy source under anaerobic conditions in many bivalves. 25 Various advantages of anaerobic metabolism in bivalves as compared with normal glycolysis have been made clear. 25, 26 However, because aerobic glycogen catabolism generally has great advantages over anaerobic glycogen catabolism with respect to energy yield, much less energy appears to be made available when glycogen in bivalves is converted anaerobically to various compounds than when it is oxidized aerobically to CO 2 and H 2 O. Then, assuming the same amount of work, more glycogen needs to be consumed under anaerobic conditions. This speculation is consistent with the results reported by De Zwaan and Zandee for the mussel, Mytilus edulis, under laboratory conditions. 28 Accordingly, the development of oxygendeficient waters is likely to have contributed to the glycogen consumption of R. philippinarum.
In the present study using field-rearing experiments, we examined the validity of using glycogen content as an indicator of the physiological condition of R. philippinarum exposed to oxygendeficient waters. The physiological conditions of the clams at station Y were presumably worse than that at station Z because the mortality rate at station Y was consistently higher than that at station Z. The glycogen content in R. philippinarum kept at station Y was significantly lower compared with that at station Z on 21 and 30 July 1999 (Fig. 4b) . Therefore, although adequate controls should be required, glycogen content seems to be an indicator of the relatively terminal status of R. philippinarum under stress in the long term. However, it is unlikely to indicate a rapid response to oxygen deficiency because in the middle stage of the experiment glycogen content in clams at station Y did not decrease significantly compared with the initial value, regardless of the increase in mortality rate.
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